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Abstract
The reaction center of photosystem I (PSI) reduces soluble ferredoxin on the stromal side of the photosynthetic membranes of
cyanobacteria and chloroplasts. The X-ray structure of PSI from the cyanobacterium Synechococcus elongatus has been recently established
at a 2.5 A˚ resolution [Nature 411 (2001) 909]. The kinetics of ferredoxin photoreduction has been studied in recent years in many mutants of
the stromal subunits PsaC, PsaD and PsaE of PSI. We discuss the ferredoxin docking site of PSI using the X-ray structure and the effects
brought by the PSI mutations to the ferredoxin affinity.
D 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction
The photosynthetic membrane of oxygen-evolving
organisms contains two different photosystems, photosys-
tem I (PSI) and photosystem II. PSI operates as a light-
driven oxidoreductase which transports electrons from one
face of the membrane to the other. The X-ray structure of
trimers of PSI from the thermophilic cyanobacterium Syn-
echococcus elongatus has recently been established with a
resolution of 2.5 A˚ [1]. Each monomer of the trimer
represents the functional unit and comprises 12 different
subunits and many cofactors involved in light collection and
charge separation. The core of PSI is highly conserved
between cyanobacteria and chloroplasts as can be judged
by high sequence similarities and very similar spectroscopic
signals and functional behavior. This core contains much of
the antennae pigments and all of the electron transfer (ET)
cofactors. The ET cofactors are attached to the subunits
PsaA, PsaB and PsaC. Light absorption leads to a charge
separation forming a primary radical pair, which is stabi-
lized by successive ET steps. These intramolecular ET
reactions lead ultimately to the oxidation of a chlorophyll
a dimer, named P700, and to the reduction of one of the two
terminal electron acceptors FA or FB, which are [4Fe–4S]
clusters bound to subunit PsaC. The two large transmem-
brane subunits PsaA and PsaB form a heterodimer with a C2
axis of pseudo-symmetry which is perpendicular to the
membrane. These two subunits contain all ET cofactors
except the terminal acceptors FA and FB. Plastocyanin or
cytochrome c6 are oxidized by P700
+ on the lumenal side
of PSI whereas ferredoxin (Fd) or flavodoxin are reduced by
(FA, FB)
 on the stromal side of PSI [2]. Cytochrome c6
and flavodoxin have been found only in cyanobacteria and
some microscopic algae. Fd is a very acidic soluble 10-kDa
protein, containing a [2Fe–2S] cluster. Structures of Fd
from different organisms have been determined by X-ray
crystallography and NMR (see Refs. [3,4] and references
therein).
Besides PsaC, PSI contains two other stromal extrinsic
subunits named PsaD and PsaE, which do not contain any
cofactor. Since a few years, it has been established that all
three subunits PsaC, PsaD and PsaE are involved in Fd
binding. This view was supported by studies of mutants (see
below), by an electron microscopy study [5] and by mod-
elling [6]. However, due to an insufficient resolution, a
structural evaluation of the effect of mutations could not be
carried out, except in a few cases [7,8]. This evaluation can
now be performed with the recently obtained structure of
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PSI at 2.5-A˚ resolution. A first step toward this evaluation is
presented here.
2. Experimental background
The kinetics of Fd photoreduction by PSI have been
studied in vitro by using flash-absorption spectroscopy since
about 10 years. Besides kinetic properties, this method
allows one to measure the dissociation constant Kd for
complex formation between PSI and Fd. The values of Kd
thus determined correspond to complexes which undergo
fast ET from PSI to Fd [9–11], i.e. to functional forms of
this complex which presumably minimize the distance
between the terminal acceptor of PSI, the [4Fe–4S] cluster
FB, and the [2Fe–2S] cluster of ferredoxin. Only the Kd
parameter, which is measured for the oxidized forms of both
partners, will be considered for the present discussion. PsaC
mutants were obtained from the green alga Chlamydomonas
reinhardtii [7,11,12] whereas PsaD and PsaE mutants were
obtained from the cyanobacterium Synechocystis sp. PCC
6803 [8,13–15].
3. Photosystem mutants and ferredoxin binding
3.1. The ferredoxin docking site
The effects of mutation on Fd binding are summarized in
Tables 1 and 2. Table 1 summarizes mutations producing a
significant effect on Fd binding whereas Table 2 lists the
mutants with little or no change. Most of the residues which
are altered by these mutations are highlighted in Figs. 1 and
2. For easier viewing in the structure, mutations will be
generally discussed using the numbering of S. elongatus,
and the numbers will be consequently denoted in italics. The
correct numbering for each mutation can be found from the
tables and from the sequence alignment shown in Fig. 3.
Most of the mutations correspond to a change in net charge,
assuming classical pK values for free amino acid sidechains.
The changes in Kd are plotted in Fig. 4 as a function of the
change in net PSI charge. Negative and positive changes
correspond to an increase and a decrease of Kd, i.e. a
decrease and an increase in Fd affinity, respectively. This
is in line with the very acidic nature of Fd as electrostatic
interactions are most probably involved both for steering Fd
toward its binding site and for selecting the formation of a
complex undergoing fast ET.
When considering single residue substitutions, the stron-
gest effects are observed for K34 of PsaC, E103Q of PsaD
Table 1
Dissociation constants of the PSI/Fd complex in PSI mutants
Subunit Mutation Corresponding
residue in
S. elongatus WT
Kd(mutant)/
Kd(WT)
Reference
PsaC K35D, K35E, K35T K34 >35 [12]
S37Ka G36 0.35 this work
K35T/S37K K34/G36 21 this work
I12V/T15K/Q16R I11/T14/Q15 0.017 [7]
V49I/K52T/R53Q V48/K51/R52b 2.8 [7]
PsaD H97E H95 8 [13]
D100K D98 0.12 [14]
D100S D98 0.3 [14]
E105Q E103 0.04 [14]
K106A K104 2 [13]
K106C K104 5 [13]
E109Kc K107 0.3 [14]
R111C R109d 5 [13,15]
PsaE R39K R39 7 [8]
R39H R39 140 [8]
R39Q R39 250 [8]
R39D et R39E R39 >450 [8]
The dissociation constants Kd have been measured by flash-absorption
spectroscopy at pH 8 in the presence of 30 mM NaCl and 5 mM MgCl2.
Except when indicated, highly conserved residues were mutated. Mutations
of PsaC were obtained in C. reinhardtii and were compared with WT PSI
using Fd from C. reinhardtii. Mutations of PsaD and PsaE were obtained in
Synechocystis 6803 and were compared with WT PSI using Fd from
Synechocystis 6803. Only mutants which exhibit a change by a factor z 2
are shown (Kd(mutant)/Kd(WT)V 0.5 or z 2).
a The corresponding residue is a lysine residue in most plants and in
some red algae. In other species, it is replaced by alanine, asparagine,
glycine, glutamine, or serine.
b Only R52 is solvent exposed in the S. elongatus structure.
c This residue is not conserved. It is glutamate in several cyanobacterial
species, but alanine and proline are also found, these two substitutions
being found in most eucaryotic species. The presence of a lysine in S.
elongatus represents an exception.
d The side chain of R109 is only partially exposed to the solvent in the
S. elongatus structure. It is located beneath D98 in the top view of PSI with
salt bridges formed between the two residues (distances O–N= 3–4 A˚).
Table 2
List of mutants with no or small effect on Kd (0.5VKd(mutant)/Kd(WT)V 2.0)
Subunit Mutation//organism Corresponding
residue in
S. elongatus WT
Reference
PsaF deletion//C. reinh.a – this work
PsaJ deletion//C. reinh. – this work
PsaC K52S/R53A//C. reinh. K51/R52 [11]
D9N and D9K//C. reinh. D8 [7]
E46Q and E46K//C. reinh. E45 [7]
PsaD H97N and H97K//S. 6803b H95 [13]
E112N//S. 6803c E110 [14]
K131A/K135A//S. 6803 K129/K133 [15]
PsaE R12A R11d [21]e
R42Q K42f [8]
Other conditions are similar to those described in Table 1.
a C. reinhardtii.
b Synechocystis sp. PCC6803.
c Though a glutamate is found at this position in most cyanobacteria,
this residue is not highly conserved in chloroplasts.
d This residue is not solvent-exposed.
e Measurement of Kd: unpublished observation (Barth, Lagoutte and
Se´tif).
f With a few exceptions including C. reinhardtii, a basic residue is
highly conserved at this position. The N~ of K42 is not solvent exposed in
the S. elongatus structure.
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and R39 of PsaE. The side chains of these three residues are
exposed to the solvent in a common region of the PSI
surface. These mutations allow one to define a docking site
with Fd binding at the edge of the stromal ridge formed by
the three extrinsic subunits. The approximate position of Fd
is shown by its contour in Figs. 1 and 2. It is entirely
consistent with low resolution images of cross-linked com-
plexes of PSI and Fd [5] and with previous modelling of the
docking site, in which the distance between the terminal PSI
acceptor and the [2Fe–2S] cluster of Fd was minimized [6].
The triple mutation I11V/T14K/Q15R of PsaC produces
also a very large effect. In the wild type (WT), the side
chains of these residues are solvent-exposed and are located
close to the terminal acceptor FB of PSI (Fig. 2). Their
position indicates that they most likely belong to the core of
the interface between PSI and ferredoxin. This interface is
essentially uncharged as can be seen for PSI in Fig. 2 and in
the structure of Fd if one considers the exposed residues
surrounding the iron of the [2Fe–2S] cluster, which is
closest to the protein surface (not shown). The triple
mutation introduces two positive charges in this interface.
This strong perturbation results in a 60-fold increase in
affinity with very fast Fd reduction [7]. For explaining such
an effect, one can propose that in the mutant, the side chains
of lysine and arginine are sufficiently long for interacting
with acidic residues of ferredoxin, which are located at the
periphery of the interface core. This configuration would
allow the interface core to remain uncharged in the mutant
and thus to reduce the energetic cost of PSI desolvation
during complex formation. An increase in the association
rate between PSI and Fd may be the primary cause of the
affinity increase. Unfortunately, this has not been tested yet
as this rate is experimentally difficult to measure due to the
high Fd affinity.
Fig. 1. «Top» view of PSI. This view shows PSI perpendicularly to the membrane plane. Color coding: different shades of grey have been used for different
polypeptides. From the darkest to the clearest: PsaD, PsaE, PsaC, all other polypeptides. The contour of PsaA is also shown. Chlorophylls and carotenes are
colored in green and orange, respectively. The oxygen atoms of the carboxylic groups of glutamate and aspartate are colored in light red. The nitrogen atoms of
the lysine and arginine sidechains are colored in light blue. Dark colors and large fonts are used for acidic and basic residues which produce large effects on Fd
binding upon substitution (Table 1). Light colors and small fonts are used for residues which did not show a significant change in Fd binding after mutagenesis
(Table 2). The sidechains of I11, T14 and Q15 of PsaC are colored in orange. The Ca of G36 of PsaC is colored in black. The N terminus of both PsaD and
PsaE are indicated by the black letter N. Numbering of residues is from Synechococcus elongatus. Fd is contoured in pink in an approximate position discussed
in the text.
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Fig. 3. Sequence alignment of the PSI stromal subunits from S. elongatus, Synechocystis 6803, C. reinhardtii and spinach. Numbering is for S. elongatus
subunits. Mutated residues are shaded in grey. The N termini of the mature forms of PsaD and PsaE from spinach have been determined in Ref. [22].
Fig. 2. «Side» view of PSI. This stereo view (crossed eyes) shows PSI almost parallel to the membrane. For better viewing, the perpendicular to the membrane
is bent 20j off the vertical. Same color coding as in Fig. 1. The N terminus of PsaE is not visible but its position is indicated by a dotted black arrow (N).
Contours of PsaF and PsaJ are also shown. Sulfur atoms of cluster FB are visible close to I14 and Q15 of PsaC and are colored in yellow. Large fonts are used
for residues which produce large effects on Fd binding after mutation. Dark colors correspond to residues which have been mutated. Light color and small fonts
correspond to residues for which no mutant has been studied for Fd binding but which are discussed in the text. The position of the backbone atoms of K42 of
PsaE is shown (the sidechain is buried). Numbering of residues is from S. elongatus. Fd is contoured in pink in an approximate position discussed in the text.
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Mutations of K104 of PsaD fit well with the above
docking model, in line with the possibility to cross-link this
residue to Fd in a functional covalent complex [16]. The
side chain of R52 may be also involved in Fd binding
(mutant V48I/K51T/R52Q of PsaC). However, the effect of
this triple mutation may also be indirect, due e.g. to more
extended structural effects, as suggested by the absence of
effect in the mutant K51S/R52A. The same ambiguity holds
also for mutant H95E of PsaD, as H95 is barely solvent-
exposed and lies in the background in the Fd binding region
(Fig. 2). Residues H95, E103 and K104 of PsaD form a
cluster of charged residues together with R18 of PsaC and
R73 of PsaD (Fig. 2) with weak salt bridges involving the
carboxylic group of E103 and nitrogens of the basic residues
(distances O–Nc 5 A˚). These salt bridges will no longer
exist in the mutant E103Q so that the mutation may induce a
modification in the geometry and in the solvation of this
cluster of charges, thus complicating the interpretation of the
effect of the mutation. The mutant S37K of PsaC (G36 in S.
elongatus) has a better affinity for Fd than the WT. The
mutant K35T/S37K recovers also some affinity for Fd
compared to the mutant K35T (K34T). In view of the
structure, it is quite possible that the side chain of lysine
is sufficiently long to be involved in the direct interaction
with Fd. The association rate of Fd with PSI, as measured
by a second-order rate constant of Fd reduction, is 50%
larger in the mutant S37K than in the WT and should also
contribute to the affinity increase (6.3 108 M  1 s 1
instead of 2.3 108 M 1 s 1; see Ref. [12] for measure-
ments with WT PSI).
3.2. PSI mutations outside the assumed docking site
Several PsaD single mutations produce significant effects
on Fd affinity for PSI, despite the fact that they are located
outside the docking site as it is defined above. These
mutants are E109K (K107 in S. elongatus), R109C, D98S,
D98K (Table 1). The corresponding residues are better seen
in the top view of PSI (Fig. 1) as they are located in the
«upper» part of PsaD which makes a bridge above PsaC.
Mutation E109K, though it concerns a non conserved
residue, is the easiest to interpret as PSI from S. elongatus
contains a lysine residue at the corresponding position
(K107), which is readily visible at the «top» of PSI. One
might propose that this mutation leads to an increase in the
association rate of Fd with PSI due to a better electrostatic
steering and that the increase in affinity is mostly due to a
facilitated association. If correct, this may mean that Fd is
electrostatically steered from the «upper» side of PSI before
the final complex is formed on the side of the stromal ridge.
The mutations D98S, D98K fit with this model as they
would increase the net charge of the same PSI region. This
Fig. 4. Dependence of Kd on the change in PSI charge induced by mutations. The Kd ratio between the mutants and the WT is plotted on a logarithmic vertical
scale. In italics, numbering is for S. elongatus subunits. Bold non-italic characters refer to the numbering of PsaC from C. reinhardtii (S37K) and to the
numbering of PsaD from S. elongatus (E109K). Subscript characters refer to the PSI subunit (PsaC, PsaD or PsaE). The vertical arrows indicate that only a
lower limit of the ratio Kd mutant/Kd WT has been measured.
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has not yet been tested as the association rates of the
mutants are experimentally difficult to measure due to their
high Fd affinities. Mutation R109C could also fit with the
above model with a decrease in PSI charge resulting in a
decrease in the association rate. In this context, one can note
that Fd has been located on top of the stromal ridge in a
covalent complex from spinach [17].
Mutants of the PSI stromal subunits which are not
modified in their affinity for ferredoxin are listed in Table
2. The mutated residues D8, E45 of PsaC, E110, K129 and
K133 of PsaD, which are observable in the top view of PSI
(Fig. 1), are located on the side of the ridge made by the
stromal subunits opposite to the Fd binding site. This
location agrees with the absence of effects of the different
mutations. In PsaE, residue R11 is not solvent-exposed and
only the backbone of K42 is partially solvent exposed.
These residues are not located at the main Fd site as defined
above, which is consistent with the absence of effect
induced by the mutations R11A and R42Q (K42).
The effects of either PsaF or PsaJ deletions have been
studied with PSI from C. reinhardtii in which the corre-
sponding genes have been inactivated [18,19]. PsaJ is a
small highly conserved hydrophobic subunit. PsaF from C.
reinhardtii is larger than its cyanobacterial counterpart, but
this does not concern the stromal loops of PsaF. Therefore,
there should be no important structural difference between
C. reinhardtii and S. elongatus with regard to the stromal
conformation of these two subunits. The contours of PsaF
and PsaJ, which are shown in Fig. 2, show that they are
located rather far away from the Fd docking site, in line with
their absence having no effect. This is in marked contrast
with studies of ET from soluble electron carriers (plasto-
cyanin and cytochrome c6) to P700
+ , in which large effects
due to PsaF or PsaJ inactivation have been observed [18–
20].
3.3. Present issues and future prospects
The PsaD and PsaE subunits from eucaryotic species are
larger than their cyanobacterial counterparts as they differ
mostly by an N-terminal extension of 25–30 residues. The
N terminal of the cyanobacterial units are shown in Figs. 1
and 2 (N). These N-terminal residues are far away from the
docking site of ferredoxin and from the top of the stromal
ridge. One can hypothesize from this that the N-terminal
extensions present in chloroplasts will not take part in
ferredoxin binding, though this cannot definitely be
excluded. From the available data and from the PSI struc-
ture, some features of interest can be noted which may be
relevant to Fd binding: (a) From the side view of PSI (Fig.
2), it appears that stromal loops of the large subunit PsaA
are probably involved in Fd binding. Experimental evidence
supporting this proposal is awaited. (b) Other charged
conserved residues belonging to the stromal subunits and
located in the binding region are probably important as well:
R18 from PsaC, K76 from PsaD, R3 and D27 from PsaE.
One can note the existence of salt bridges between D27
from PsaE and the essential residue K34 from PsaC (dis-
tances O–Nc 4 A˚) on one hand, and between R18 of PsaC
and the important residue E103 of PsaD (shortest distance
O–N< 5 A˚) on the other hand. These salt bridges between
residues which do not belong to the same subunits may be
important for stabilizing the quaternary structure of PSI. The
presence of these bridges also decreases the total charge
carried by the charge clusters, which may be useful to
decrease the energetic cost of desolvation upon Fd binding.
The present report is a preliminary study of the process of
Fd binding on PSI. Many other studies will be necessary to
provide a precise structure of the PSI/Fd complex and a
deeper understanding of the dynamic and energetic proper-
ties of Fd binding.
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